I. INTRODUCTION
The performance of electron beam and other lithographies is not only limited by "intrinsic" properties of the resist, notably sensitivity and contrast, but also by "extrinsic" factors, such as adhesion to the substrate. Currently, the record densest line array pattern generated by electron beam lithography (EBL), with an array periodicity down to 9 nm, was obtained using hydrogen silsesquioxane (HSQ) resist, 1 rather than using PMMA that has comparable or higher contrast. This is because the exposed HSQ effectively becomes silicon dioxide that is more rigid than organic polymer resist and it firmly adheres to the silicon substrate (with a natural oxide layer atop) via Si-O-Si bond, whereas ultranarrow PMMA lines would be deformed and detached from the substrate due to capillary forces arising during the drying of the rinsing liquid. Therefore, it is critical to modify the substrate surface in order to promote the adhesion of the resist. For instance, for photolithography, hexamethyldisilazane (HMDS) is routinely applied to promote adhesion of photoresist to the substrate. For EBL using polystyrene (PS) resist, or ZEP-520A resist with methyl ethyl ketone (MEK):methyl isobutyl ketone (MIBK) developer, coating the substrate with a thin layer of cross-linked polymer (here antireflection coating) was found to greatly improve the resist adhesion. 2, 3 For EBL using HSQ resist on metallic or ceramic substrates, a significant improvement in resist adhesion was achieved by surface modification with (3-mercaptopropyl) trimethoxysilane and poly(diallyldimethylammonium) chloride (PDDA) for Au substrate, and with (3-aminopropyl) triethoxysilane (APTES) for Mo substrate. 4 Self assembled monolayer (SAM) of APTES and PDDA can also improve HSQ adhesion to Cr, Cu, and ITO substrate. 4 The resist adhesion is characterized by the "work of adhesion" W, defined as W ¼ r 13 þ r 23 À r 12 , where r 13 is the interfacial tension between the resist and the liquid (developer), r 23 is the interfacial tension between the substrate and the liquid, and r 12 is the interfacial tension between the resist and the substrate. More details for the theoretical basics of resist adhesion can be found elsewhere. It is considered that good resist adhesion will result if the work of adhesion is greater than 5 mN/m. 5 Apparently, the adhesion can be greatly affected by the surface energy of the liquid developer and the substrate, and W may even become negative (resist autopeeling off in developer). For photolithography, baking the substrate to drive off adsorbed water is critical because otherwise the interfacial tension between the aqueous developer and the substrate (i.e., the r 23 term) will be very low, leading to low work of adhesion. That is, a hydrophilic substrate surface will promote the lateral penetration of the aqueous developer into the resist/substrate interface, weakening the adhesion or even peeling off the resist structure by capillary force during liquid rinsing and drying. By applying HMDS that is hydrophobic due to its methyl group termination, the r 23 term will increase and the The residual thickness at the exposed area should be very small since exposed PMMA (contains very small amount of MAA) has much shorter chain length than the unexposed one. Therefore, the pattern height of 12 nm is approximately the monolayer thickness.
r 12 term will decrease (as photoresist consisting of novolac binder is also rich with methyl group), which both contribute to the increased work of adhesion.
Finally, secondary and Auger electrons generated by the e-beam exposure at the substrate-resist interface were found to greatly decrease positive resist adhesion because chain scission caused by those electrons makes the resist at the interface subject to dissolution by the developer. This effect can be minimized by using low atomic number substrate such as carbon that has a low yield of secondary electrons. 7 Moreover, denser pattern leads to more exposure due to proximity effect at the area not directly exposed by the primary beam; thus, the resist structure is more prone to peeling off. This effect is not an issue for negative resist for which electron beam exposure may lead to stronger adhesion, which is the case for HSQ coated on silicon substrate.
In this paper, we modified the substrate surface by grafting a monolayer of poly(methylmethacrylate-co-methacrylic acid) [P(MMA-co-MAA)] brush that led to a remarkable improvement of the resist performance for positive resist ZEP-520A and negative resist polystyrene. Yet, the improvement is negligible when the resist was coated on Al sublayer, as the resist adhered well to Al even without the copolymer brush layer. Our method has some advantages compared with those cited above. The grafting is simpler than the SAM process, and the copolymer is cheaper than the SAM surfactant. It is also easy to work with, and the very thin monolayer would not significantly affect the subsequent pattern transfer process by direct etch or lift-off.
II. EXPERIMENT
The P(MMA-co-MAA) brush grafting took place in the same way as forming the PMMA-r-polystyrene brush, which is widely used to provide a neutral surface for self-assembly of di-block copolymer PMMA-b-polystyrene. 8, 9 The silicon surface after solvent cleaning was activated by oxygen plasma to give -OH termination onto the surface, and then, it was coated with a thick layer of P(MMA-co-MAA) (molar ratio MMA:MAA 1:0.016, Mw 34 kg/mol, Mn 15 kg/mol, Sigma-Aldrich, St. Louis, Missouri, USA). Here, MAA contains the desirable -COOH group to promote the grafting process. Next, the copolymer was annealed overnight at 160 C to induce the chemical reaction between -OH on the resist and -OH on the surface (Fig. 1) , which led to the production of water and chemical bonding between the resist and substrate (-Si-O-C-for silicon substrate). The annealing temperature and time are not optimized, and the time would be significantly shorter for higher temperatures; but the temperature should be below 200 C to avoid degradation of the PMAA component. 10 The bulk of copolymer that was not chemically bonded to the substrate was washed away by dipping the sample in acetic acid and then rinsing with de-ionized water. The result is a surface covered with a copolymer monolayer. The name brush is given for the single layer of pending molecules, which remind the bristles of a brush. As the monolayer brush is very thin, the properties of the resist coated above are not significantly altered.
In this work, the adhesion of both positive and negative tone resists has been studied. The ZEP-520A (Zeon Chemicals) has been chosen as a positive resist. This resist adheres well to silicon when using high resolution developers, notably amyl acetate and xylene. But when using a stronger developer, the fine resist structure was found detached after development. 3 As such, its problem of adhesion on silicon surface makes it the perfect candidate to verify the efficacy of our process. The ZEP resist was coated by spin-coating at 4000 rpm for 40 s and baked at 180 C for 8 min to give a final film thickness of 190 nm. After exposure, it was developed for 1 min using MEK:MIBK ratio 60:40 and rinsed by isopropanol before drying. This developer offers much higher sensitivity than the company suggested high resolution developers (amyl acetate or xylene), but it attacks the resist more aggressively because it is more polar and penetrates more easily into the resist/substrate interface, which detaches the resist. To test the adhesion property, we exposed a pattern consisting of gratings with different pitches ranging from 60 to 200 nm. As a comparison and to show the effects induced by the brush layer on the resist adhesion, we also exposed identical pattern under identical condition on regular samples (resist on silicon).
PS has been chosen as negative resist to study the effect of P(MMA-co-MAA) brush monolayer on its adhesion to substrate. We have chosen PS because it is a very versatile and a popular negative resist, offering ultrahigh resolution for low molecular weight, 2 and ultrahigh sensitivity for high molecular weight. 11 As well, it can be thermally developed, 12 coated by thermal evaporation to allow nanofabrication on irregular surfaces such as AFM cantilever and optical fiber, 13 or doped with metal Cr to greatly enhance its etching resistance.
14 Yet its adhesion to the silicon substrate is weak, and a cross-linked polymer sublayer has been previously employed to promote its adhesion. 2 Here, we used PS with a molecular weight of 30 kg/mol dissolved in anisole with a concentration of 2 wt./vol. %. After spin-coating, the sample was baked at 160 C for 8 min on a hotplate to give a final film thickness of 80 nm.
The electron beam lithography was carried out using a Leo 1530 scanning electron microscope equipped with a Raith beam blanker and nanometer pattern generation system. The acceleration voltage used for all the experiments was 20 kV with a beam current of about 160 pA. Polystyrene and ZEP were exposed with a line dose range of 0.4-2.0 and 0.04-0.20 nC/cm, respectively.
III. RESULTS AND DISCUSSION
Since PMMA (here contains very small amount of MAA) itself is an electron beam resist, the monolayer thickness can be obtained by AFM measurement of the pattern defined by electron beam lithography. As shown in Fig. 2 , the monolayer thickness was found to be about 12 nm.
We first studied the positive resist ZEP, and Fig. 3 shows gratings written with a line dose of 0.117 nC/cm at 20 keV electron energy. For 100 nm grating periodicity [ Figs. 3(a)  and 3(b) ], almost all lines were detached from the sample surface without the brush layer, whereas they were firmly attached when the surface had been treated with the copolymer brush. For larger periodicity such as 175 nm [Figs. 3(c)  and 3(d) ], both gratings survived the development process without detachment. Here, the peeling off for the case of 100 nm period without the brush adhesion layer is caused by the strong developer MEK:MIBK we used for attaining a high sensitivity. This more polar developer would penetrate more easily in-between the resist and substrate, weakening the adhesion and leading to resist detachment due to capillary force during liquid rinsing and drying. Besides consideration of surface and interface energies at the development step, the brush also promotes adhesion because the ZEP polymer chains would get "clipped" (interlocked) with the copolymer chain that would hinder the penetration of developer into the interface. Finally, though PMMA (here contains very small amount of MAA), which is also a positive tone resist, would also be "weakened" by exposure due to proximity effect, this effect should be small compared to ZEP directly coated onto silicon since PMMA is much less 
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sensitive than ZEP resist that implies a less easy chain scission. Besides P(MMA-co-MAA) monolayer brush as shown here, HMDS is also sometimes employed with an aim to promote adhesion of ZEP resist to silicon substrate. 15 However, to our knowledge, systematic study to evaluate the effect of HMDS on ZEP resist adhesion was not reported. To this end, we applied HMDS using a dedicated HMDS prime oven (YES oven, Yield Engineering Systems, Inc.), and compared the lithography results with or without HMDS. For both cases, no resist peeling off was found when using the high resolution developer amyl acetate. In fact, HMDS is not suggested by the resist manufacturer as a necessary step before coating ZEP. When using high sensitivity (yet low resolution) MEK:MIBK developer, the degree of resist peeling off was found to be similar for the two cases, indicating HMDS does not help promote adhesion of ZEP to silicon. This is probably because (unlike aqueous developer for photoresist) the solvent developer here can wet the HMDS layer and penetrate into the resist-substrate interface; and HMDS is a relatively small molecule that would give a rather smooth surface, whereas P(MMA-co-MAA) has a long chain that gives a brushlike surface to entangle with the copolymer chain in the ZEP resist.
The experiment has been repeated with a negative tone resist as well. For this purpose, we chose 30 kg/mol PS dissolved in anisole with 2 wt./vol. % concentration for spincoating to give an 80 nm-thick film, and used tetrahydrofuran (THF) as developer and isopropanol as the rinsing liquid. As clearly seen in Fig. 4 for the low magnification view of all the exposed grating patterns, with brush, most grating patterns remained undetached; whereas severe detachment is evident when the polystyrene resist was coated directly on a bare silicon wafer treated with oxygen plasma before spin-coating. High magnification SEM images (Fig. 5) shows that, with PS coated on the brush layer, a periodicity down to 60 nm (30 nm half pitch) was well defined; whereas the same grating structure was completely detached when PS is coated directly onto a silicon wafer. For larger period, such as 200 nm, both gratings were well defined without resist detachment [Figs. 5(c) and 5(d)]. With its lower surface energy and being less polar than PMMA, PS was found to adhere poorly to silicon; and previously a cross-linked polymer under-layer have been coated to promote the adhesion in order to obtain an ultradense grating pattern of 20 nm periodicity using a very low molecular weight PS2. Such an under-layer would make the subsequent pattern transfer more challenging since it is much thicker than the P(MMAco-MAA) brush used here.
It would also be interesting to see whether the same brush layer will equally help the resist adhesion to nonsilicon surface. To this end, we coated 20 nm of aluminum on silicon wafer, followed by grafting the copolymer brush atop. As can be seen from Fig. 6 for ZEP resist with 100 nm grating period, the brush made no difference: the ZEP resist's adhesion to Al is already strong enough, and thus, the brush did not give any further improvement. The difference is also negligible for other grating periods (not shown). The reason for such a good adhesion can be attributed to the roughness of the Al film, which offers more anchoring points than an atomically smooth crystalline silicon surface. Or, we can say that a thin Al film will also function as an adhesion layer like the P(MMA-co-MAA) brush, though it is less desirable since vacuum deposition is a more costly process than P(MMAco-MAA) brush grafting and the Al layer will complicate the subsequent patterns transfer process.
IV. CONCLUSIONS
We showed that a PMMA monolayer brush can be grafted onto silicon substrate using thermal annealing that leads to chemical bonding of P(MMA-co-MAA) to the hydroxyl group-terminated substrate, followed by acetic acid wash to remove the bulk, unbonded copolymer. The monolayer brush has a thickness of 12 nm. We showed that it can greatly improve the adhesion of positive resist ZEP-520A and negative resist polystyrene to bare silicon surfaces, which led to high resolution patterning without resist detachment upon development. The improvement was more dramatic when patterning dense sub-100 nm period grating structures. But the improvement was negligible for aluminum substrate, because, even without the brush layer, resist adhesion to aluminum is found already strong enough to prevent resist structure peeling off. This simple and lowcost method would be very useful when resist adhesion to the substrate for a given developer is weak. Finally, since P(MMA-co-MAA) is an electron beam resist and the monolayer brush can be grafted on any surface by spin or dip coating, the process can be employed to fabricate nanostructures using electron beam lithography on irregular surfaces such as an AFM cantilever, and this study will be published elsewhere. 
